ABSTRACT In this paper, we propose the usage of Generalized Frequency Division Multiplexing (GFDM), a non-orthogonal multicarrier waveform for radar. We presented a novel method that cancels the effect of interference caused by the non-orthogonality of GFDM waveform in the radar processing, thus not affecting the performance of the radar. We show the viability of GFDM for radar with communications systems and the benefits of using it over Orthogonal Frequency Division Multiplexing (OFDM). Finally, we also present GFDM as a solution to mitigate inter-system interference in radar with communications (RadCom) systems, thus showing that GFDM may prove to be a better candidate than OFDM for RadCom applications. This method is validated with simulations and practical measurements at 24 GHz.
defence-related application. The use of communication signals of mobile personal devices operating as mobile radars for internal mapping has been proposed in [9] . In [10] , the use of radar and communication with the same signal for vehicles are considered in transportation systems.
The use of Orthogonal Frequency Division Multiplexing (OFDM) for radar was first proposed in [11] , and preliminary studies of the integration of radar and communication functionalities were carried out in [12] . A major step in the implementation of RadCom systems was presented in [13] , where a more efficient and simpler radar processing algorithm was proposed-the direct processing of the modulated symbols instead of the baseband signal. A review of RadCom technology is provided in [14] .
OFDM is a well-known waveform that has been extensively studied for the joint radar and communication applications [1] , [2] , [4] , [15] [16] [17] [18] [19] . OFDM has some disadvantages, however, such as high out-of-band (OOB) emission, susceptibility to Doppler spread, loss of spectral efficiency due to the use of a cyclic prefix (CP), and the need for frequency synchronization to preserve the orthogonality of the subcarriers [20] . In RadCom systems, the disadvantages of the OFDM waveform affect not only the communications functions but also the radar. For example, in order to compensate for strong OOB emission in OFDM, guard bands are required, which decrease the range resolution of the radar.
To overcome some of the limitations of OFDM in communications systems, several alternative candidates waveforms have been proposed, such as Universal Filtered Multicarrier (UFMC), Generalized Frequency Division Multiplexing (GFDM) and Filter Bank Multicarrier (FBMC) [21] . UFMC, although better contained than OFDM, has higher out-of-band emissions than GFDM and FBMC [22] . FBMC is a spectrally well-contained waveform, with a very high computational complexity [23] and its use for radar was considered in [24] , [25] . In [24] , the authors consider the use of offset quadrature amplitude modulation (OQAM) FBMC for radar as an extension of OFDM. However, the nonorthogonality subjacent to the OQAM modulation introduces interference in the radar estimates. In [25] , the authors use non-offset QAM instead of OQAM. However, the use of the QAM modulation in FBMC increases the computational complexity.
Generalized Frequency Division Multiplexing (GFDM) is a flexible and well-contained spectral multicarrier modulation with low computational complexity [26] [27] [28] . GFDM is a block-based multicarrier transmission scheme. The processing of these blocks is based on digital filters that preserve the circular properties of the signals over the time and frequency domains [29] . This process reduces OOB emission, making possible the use of spectrum without severely interfering with established services or other users [30] .
In GFDM, the transmission data of each block are distributed in time and frequency, and the insertion of CP is done in each block. This increases the spectral efficiency while still providing the means for efficient channel equalization [31] . GFDM blocks are independent of each other, with a structure shaped as desired, so it is possible to adaptively design their structure in order to match the limitations of time and system latency [32] . For example, in real-time applications, the signal length may be reduced to operate under low-latency requirements [30] , [33] , which makes it an attractive option for applications such as the Internet of Things and radar [26] . Furthermore, GFDM can be easily implemented in multiple-input multiple-output (MIMO) systems [30] . Previous studies have already shown the superiority of the use of GFDM for vehicular communications in relation to OFDM. In [34] , it is demonstrated that GFDM can utilize the time and frequency resources more efficiently than OFDM and outperform it particularly under challenging channel conditions for intelligent transportation systems. Motivated by these attractive features, in this paper, we present a method for radar processing with GFDM, demonstrating the viability of its use in RadCom systems and its benefits over OFDM. We also present GFDM as a solution to mitigate inter-system interference in RadCom systems. This paper is organized as follows. In Section II, we establish a common system model for the processing of multicarrier radar and as a special case, we present the OFDM radar model. In Section III, we provide a brief outline of the GFDM modulation scheme, from the viewpoint of communication systems. In Section IV, the proposed method for radar processing with GFDM waveforms is described. In Section V, the laboratory setup and measurements of a 24 GHz RadCom system are detailed. In Section VI, we present the evaluation of the performance of the proposed GFDM radar system for two distinct scenarios: one with a single user, where the resolution capacity of the system is analyzed, and another with multiple users, where an evaluation of the interference between users (inter-system interference) is performed. Finally, in Section VII we present our conclusions.
Notation: In this paper, bold lower-case letters denote vectors and bold upper-case letters denote matrices. The following mathematical symbols have also been used:
Inverse discrete Fourier transform.
II. SYSTEM MODEL
In this paper we consider a RadCom system in which the information to be transmitted is encoded by a digital complex-modulation technique; the encoded data is represented by the data matrix S. The data matrix S is transmitted by the RadCom System using a multicarrier modulation technique. The transmitted signal is then reflected by the targets and received back by the same RadCom system. As far as radar functionality is concerned, the received data sequence is known in advance. An example scenario with vehicles equipped with and without RadCom systems as depicted in Fig. 1 , where an arbitrary vehicle transmits the RadCom signal and receives this signal reflected by the targets. This vehicle can also communicate with other devices (e.q. other vehicles).
A. BASIC MULTICARRIER RADAR
Consider a radar system with a multicarrier modulation signal represented by a matrix of complex data symbols distributed in the time and frequency domains, with N subcarriers and M multicarrier symbols. The complex envelope of the transmitted time-domain signal can be expressed by where f is the subcarrier spacing, T is the duration of one multicarrier symbol and g(t) is the filter impulse response used to modulate the symbols.
In the presence of a reflective target ω at a distance R ω of the RadCom system and a relative velocity of v ω , the received signal has a time delay of 2R ω /c and a frequency shift of f Dω = 2 f c v ω /c, where c is the speed of light and f c is the carrier frequency. Then being reflected by targets, the received signal becomes [13] + η(t), (2) and using the conversion of the time-domain signal to the discrete form by t = kT /N = k/(N f ) (according to the Nyquist sampling criterion), where k is the sample index, the discrete-time form becomes
where η is the time-domain complex additive white Gaussian noise (AWGN) and k = 0, . . . , NM − 1. After demodulation, the estimated received signalŜ is then used to estimate the delay and Doppler shift of the targets. This estimation is performed by comparing the transmitted symbols S with the received symbolsŜ, generating the frequency-domain channel transfer matrix D [13] with elements defined by
The range and velocity parameters can be obtained from a two-dimensional DFT (2D-DFT) [13] : the DFT of length M in each line of D and the IDFT of length N in each column
The range resolution [35] of the radar is
where B is the signal bandwidth. The resolution needs to be small enough to allow the separation of objects such as cars, buildings, etc. [13] . The velocity resolution depends on the total duration of evaluated symbols T F [35] , being
The maximum unambiguous velocity and the maximum measurement distance are v max = c/(2 f c T ) and R max = c/(2 f ) respectively.
B. OFDM RADAR
In an OFDM system the filter g(t) is a rectangular pulse of lenght T OFDM . The use of this pulse ensures orthogonality between sub-carriers. The OFDM signal is generated by applying an IDFT of length N to the modulated symbols. The complex envelope of the transmitted time-domain OFDM signal is expressed by
With T OFDM = T + T CP being the total OFDM symbol duration composed of an elementary symbol duration T and a cyclic prefix (CP) duration T CP . At the receiver, the symbols are demodulated using a DFT of length N . Thus, the estimated symbols received by the OFDM radar are defined aŝ
whereη is the frequency-domain AWGN. In this system, the cyclic prefix (CP) is inserted at the beginning of each transmitted OFDM symbol (after applying the IDFT). During reception, the CP is discarded before the signal is demodulated. In OFDM radar the total duration of evaluated symbols is
III. REVIEW OF GFDM IN COMMUNICATIONS SYSTEMS
In this section, we present the GFDM waveform and corresponding transceiver, from the viewpoint of a communication system, shown in Fig. 2 . The use of the GFDM waveform for the radar functionality is presented in the following section. The GFDM block is composed of N subcarriers and M symbols and contains K = NM complex data symbols. The duration of a GFDM block is T GFDM = MT + T CP , where T = 1/ f is the duration of an elementary symbol.
The details of the GFDM modulator are shown in Fig. 3 [30] . Each GFDM symbol is filtered by its corresponding pulse-shaping filter, which is implemented based on a prototype p[k] filter with an offset in time and in frequency, as shown in Fig. 3 [36] . The subcarrier filtering performed in GFDM results in non-orthogonal subcarriers, which leads to inter-carrier (ICI) and inter-symbol interference (ISI), denominated by intrinsic interference in the following. Different filters can be used to filter subcarriers, and this choice affects OOB emissions and intrinsic interference [30] . To avoid inter-symbol interference, a CP is added at the beginning of each block of symbols instead of each symbol as in OFDM [21] , as shown in Fig. 4 .
In the receiver, the CP is first removed and each block is equalized to remove the intrinsic interference caused by the non-orthogonality between subcarriers. After equalization, each block is filtered by the same time and frequency translated filters that were used in the transmission stage [30] .
The structure of the complex data matrix S in a GFDM block is
and the transmitted GFDM signal [30] can be expressed as
with k = 0, . . . , K − 1. The corresponding pulse shaping filter is
Each p n,m [k] is a circularly shifted version of p n,0 [k], and the complex exponential performs the frequency shift operation [30] .
The transmitted samples can then be represented by
This equation can be rearranged in matrix form,
where [30] with a structure according to (15) with the vector
The received signal vector can be defined as
where η is a complex AWGN vector. The channel matrix H C of size K ×K is a circular convolution matrix and each column of the matrix [26] is given by the circular shift of the channel impulse response h with the length (in samples) of L c
In the receiver of the communications system, the zero forcing equalizer (H C −1 ) can be used for channel equalization, although other procedures can be employed. As detailed in [30] , the estimated received data matrixŜ can be obtained byŜ
where C is the K × K demodulation matrix of GFDM, which can be, e.g., the matched filter (MF), zero forcing (ZF), or minimum mean square error (MMSE) matrices [30] , defined below
where R 2 η is the covariance matrix of the noise. Note that in case of MMSE reception, the channel is jointly equalized in the receiving process.
IV. GFDM RADAR
The signal received by the radar, assuming that we have reflective targets and M B GFDM blocks, is given by
where S b is the data matrix of the GFDM block b, For the estimation of the matrix of received symbols in the radar, contrary to the processing in communications systems, we remove the channel equalization matrix H C −1 in (18) in order to preserve the information from the channel. The estimated received symbols are then obtained aŝ
In the radar receiver, the demodulation matrix C of GFDM needs to be properly chosen. The influence of the shape of the filtered pulse in GFDM leads to a non-orthogonality condition causing inter-symbol and inter-carrier interference in the received symbols. This interference was denominated by intrinsic interference in the previous section.
The use of the MF for the demodulation maximizes the signal-to-noise ratio (SNR) per subcarrier but does not remove the intrinsic interference. The ZF receiver, on the other hand, removes the intrinsic interference at the cost of decreasing the SNR. In addition, there may be instances where A is poorly conditioned, further deteriorating the SNR. The linear MMSE receiver makes a trade-off between intrinsic interference and noise suppression. However, in the case of MMSE, the channel is equalized together in the receiving process, which impairs the estimation of radar targets. For these reasons, MF and ZF are suitable for radar processing, while MMSE is not [30] .
A. GFDM -ZF/MF RADAR
Considering the cases of GFDM radar with ZF receiver (GFDM-ZF), and GFDM radar with MF (GFDM-MF) receiver, the radar processing is performed directly with the matrix of transmitted symbols S † ZF/MF = S, as well as in OFDM. The estimated received symbols areŜ † ZF/MF = res{C ZF/MF y} N ×M and then components of estimation matrix D are
B. GFDM -PMF RADAR
To overcome the aforementioned problems of ZF and MF in GFDM based radar, we propose an intrinsic interference cancelation technique based on the MF approach for GFDM radar (denoted by GFDM-PMF). This technique cancels the intrinsic interference in the matrix D without increasing the background noise, as occurs with GFDM-ZF. Concerning the radar functionalities, our GFDM-PMF allows the optimum performance. The details are presented in the appendix, but basically the technique resort to the fact that for MF in (24), S † MF can be decomposed as interference, noise and intended signal while in the denominator we just have the intended signal. The PMF technique estimates the interference complement and adds it in the denominator. Although we have no interblock interference, inside the blocks the waveforms are non-orthogonal. For all interference between the symbols and subcarrier to be removed, it is necessary to consider the whole GFDM block in the radar processing.
In GFDM-PMF, the MF receiver (the C MF matrix) is used for the estimation of the received symbolsŜ † PMF , thereforê
The matrix S is processed in order to estimate the intrinsic interference suffered by the transmitted symbols. This estimation is done by applying the same filtering process the received symbols went through (the two pulse-shaping filters of the transmit and receive stages, A and A H ) to the transmitted symbols (S, cf. the appendix). This results in a matrix S † PMF , defined as
that incorporates not only the transmitted symbols but the intrinsic interference as well. This way, as shown in the appendix, the intrinsic interference is compensated for when computing the radar estimation matrix D. Considering, then, M B GFDM blocks evaluated in the radar estimation, the components of estimation matrix D for GFDM-PMF are
The range and velocity parameters can be obtained from a 2D-DFT as in OFDM radar. 
V. RADAR MEASUREMENTS
In this section, we will present the laboratory setup and measurements of a 24 GHz RadCom system, results obtained in the laboratory environment is detailed. In the next section (section VI), we will present results obtained by simulation, in order to complement and validate those obtained in the laboratory.
A. MEASUREMENT SETUP
The measurement scenario for the 24 GHz radar system was performed in the laboratory and is schematized in Fig. 5 . The frequency of 24 GHz was considered due to being the frequency, together with 77GHZ, normally used in automotive radars. The radar system front-end consisted of two A-Info LB-180400-KF 15 dBi horn antennas: one for the transmission and another for the reception. The transmitted data was randomly generated with a 4-QAM constellation. The transmitted waveform (OFDM or GFDM) had a bandwidth of 113.92 MHz and was synthesized in the baseband, at a sample rate of 683.52 MSa/s, using a Keysight M8190A arbitrary waveform generator (AWG). The AWG outputs the in-phase (I ) and quadrature (Q) components of the waveform in a differential-pair configuration (I /Ī and Q/Q). The baseband waveform was then converted to the 24 GHz band using a Keysight E8267D PSG vector signal generator (VSG). The signal at the output of the VSG had an average power of 14 dBm and was fed to the transmitting antenna.
The signal received by the receiving antenna was measured using a Keysight N9041B UXA vector signal analyzer (VSA). For greater accuracy of measurement, the 10 MHz oscillator of the VSA was used as a reference to synchronize the clocks of all instruments (the AWG, the VSG, and the VSA), and a baseband trigger signal was provided by the AWG to the VSA.
The AWG was connected via USB to a personal computer (PC) and the other instruments were connected through a local area network to the same computer. All instruments were controlled via Matlab, where all signals were generated and processed.
The measurement scenarios are shown in Fig. 6 , with one and two targets, respectively. In the first scenario, we have a copper target with 30×22 cm dimensions at a distance of 2 m (at an angle of 0 • ) from the radar front-end. In the second scenario, we have two copper targets with 35 × 22 cm and 30 × 22 cm dimensions, at a distance of 3.7 m (0 • ) and 1.5 m (25 • ) respectively. Only static targets were considered in these scenarios because no moving targets were available.
Two types of measurements were made: one with a single user (radar) without inter-system interference, and another with two users (two radars) with inter-system interference. For the case with interference between users, two signals were generated with a bandwidth of 113.92 MHz and with different average powers according to the desired signalto-interference ratio at the radar input (SIR in ). These signals were allocated to adjacent bands and were synthesized together by the AWG. The received signal (in complex baseband form) was filtered by a sharp low-pass filter in order to select the desired user band. In the multi-user case, the received signal was averaged across 25 consecutive VSA measurements in order to reduce the effects of external noise and to better observe the effects of the inter-system interference. In the single-user case, only one measurement was performed.
The calibration of the system was performed with the transmitting and receiving antennas positioned facing one another at a short distance, thus measuring the total delay of the system (cables, AWG, VSG, VSA and antennas). This delay was then removed from the received signal during radar processing. The transmitting and receiving antennas were 12 cm apart. The coupling between the antennas, measured using a Keysight N5242A Vector Network Analyzer, was below −50 dB in the band of operation, ensuring the leakage interference is negligible.
B. GFDM RADAR PARAMETERIZATION
Following the parametrization constraints discussed for OFDM RadCom in [35] , the parameters for the OFDM radar used in this paper are shown in Table 1 . From these parameters, we may find the equivalent ones for the GFDM VOLUME 7, 2019 waveform. Note that, in order to maintain the same resolution values (for comparative performance purposes), we maintained the same bandwidth B and the total duration of evaluated symbols T F given by T F = MT for OFDM and T F = MTM B for GFDM. However, a parametrization optimized for the GFDM waveform and its features can also be performed.
We have considered a mobile vehicular communications channel in the 24 GHz frequency range with a coherence bandwidth of B C50% = 1953 kHz [35] , and we have chosen N = 256, M = 32 and M B = 41. The CP duration of each block is the same as in OFDM, 2.25µs. The complete parametrization is shown in Table 2 . The pulse-shaping filter used in the GFDM waveform is a raised-cosine (RC) filter with a roll-off factor of 0.5.
It is possible to see in Table 1 and Table 2 that the GFDM modulation presents a lower unambiguous range than that of OFDM, but still above the maximum value detectable by the radar [35] . In contrast, the unambiguous velocity is much higher.
C. MEASUREMENTS
All measurements were done according to the modulation parameters presented in Table 1 (OFDM) and In Fig. 7 , the intrinsic interference is evident in the GFDM-MF radar due to the presence of a great amount of visible background noise. In contrast, the GFDM-PMF radar achieves a performance equal to that of the OFDM radar, not presenting any remaining intrinsic interference. Finally, the GFDM-ZF radar removed the intrinsic interference but, due to the ZF processing, it also increased the noise level. We conclude, then, that the proposed GFDM-PMF processing is more appropriate for radar than GFDM-ZF and GFDM-MF. Moreover, we conclude that it is feasible to use non-orthogonal waveforms for radar functions: since the transmitted signal is known by the radar system, it is possible to estimate the intrinsic interference and cancel the effects during the radar processing.
Throughout the rest of this paper, all further measurements related to the GFDM waveform will use the proposed GFDM-PMF radar processing technique. Fig. 8 shows the measurements performed with OFDM and GFDM in the scenario with two static targets: one at 1.5 m and the other at 3.7 m. In the radar images, it is possible to verify that GFDM also presents the same performance as OFDM for multiple targets. The estimated range values for GFDM are 1.50 m and 3.67 m, and for OFDM 1.60 m and 3.60 m.
The scenario of a single static target at 2 m was also used to measure the inter-system interference in a multi-user environment. Fig. 9 shows the radar image for a system with an interference level in the reception (before filtering) of SIR in = −20 dB for the OFDM and GFDM waveforms. In this figure, it is possible to see that the high OOB emission of OFDM causes a higher inter-system interference, resulting in a higher level of background noise (interference) in the radar image. This may cause difficulties in detecting targets with low power signals reflected in a scenario with a large number of radars. On the other hand, since the background interference in the GFDM radar image is much lower, it is expected that in a scenario with multiple radars we are still close to a noise-limited system and targets are detected with much higher probability than in OFDM. We conclude, then, that the GFDM waveform is more appropriate for multi-user RadCom systems than the OFDM waveform.
VI. PERFORMANCE EVALUATION
In this section, we compare the performance of the GFDM radar with that of the OFDM radar under various simulation environments with parameters presented in Table 1 (OFDM)  and Table 2 (GFDM). First, we consider an environment with a single radar and multiple mobile targets. Then, we consider a noiseless environment with two radars (multiple users) and one target for the estimation of the inter-system interference after filtering in radar processing (SIR out ). The proposed GFDM-PMF processing technique was the one used for the GFDM radar. The transmitted data was randomly generated with a 4-QAM constellation.
A. SINGLE USER -RANGE AND VELOCITY ESTIMATION
Three targets were considered with velocities of v 1 = 4 m/s, v 2 = 2 m/s and v 3 = 3 m/s, ranges of R 1 = 8 m, R 2 = 10 m and R 3 = 5 m, and normalized average power (to unity power) of the received signal in the ratios of P 1 = 0.56, P 2 = 0.3 and P 3 = 0.14. The channel was considered to be noiseless, flat, and with no attenuation.
A comparison between the GFDM and OFDM radars is presented in Fig. 10 . Based on the results shown in this figure, it is possible to verify that the GFDM radar yields the same target velocity estimate as the OFDM radar.
B. MULTIPLE USERS -INTER-SYSTEM INTERFERENCE
It is known that OFDM suffers from high OOB emissions and that one of the advantages of GFDM is its lower OOB emissions. It is for these reasons that the GFDM radar system has a much lower inter-system interference than the OFDM radar, as shown in the measurement results presented in Fig. 9 .
In this section, the proposed GFDM radar is compared to the OFDM radar under the interference from another radar with the same waveform in an adjacent channel (that is, OFDM interfered by OFDM and GFDM interfered by GFDM).
A configuration based on the modulation parameters presented in Table 1 (OFDM) and Table 2 (GFDM) is used. The radar system with carrier frequency f c is interfered by a radar with the same waveform with carrier frequency f c + B. Both radars have the same bandwidth B. One target at a distance of R = 2 m and with a velocity v = 0 m/s is simulated considering a noiseless flat channel with no attenuation. After being received, the signal is filtered by a sharp low-pass filter with bandwidth B. In order to compare the performance of the GFDM and OFDM radars, we define the ratio between the power of the reflected radar signal and the power of the interfering signal as the signal-to-interference ratio (SIR), given by
where P radar is the power of the reflected radar signal and P int is the power of the interfering signal. We denote SIR in as the SIR of the received radar signal before filtering, and SIR out as the SIR of the received radar signal after filtering. Moreover, the performance is also compared in terms of the normalized mean square error (NMSE) of the received radar signal after filtering in relation to the signal received by a radar with no interference, defined by
where Y true is the received radar signal with no interference and Y int is the signal with interference. Fig. 11 shows the NMSE of the reconstructed signals for the OFDM and GFDM radars for different values of SIR in . Greater interference can be observed in the OFDM radar due to its higher OOB emissions. Fig. 12 shows the interference after filtering (SIR out ) for both radars, with the GFDM radar presenting a SIR out better by approximately 9 dB than that of the OFDM radar.
In Fig. 12 we also compare the same systems with the addition of guard bands (N GB = N /32). This figure demonstrates that, naturally, the two radars show an improvement in SIR out when guard bands are used. However, we note that the OFDM radar with N GB = N /32 still has more interference than the GFDM radar without guard bands.
In fact, for the OFDM radar to reach values of SIR out close to the GFDM radar's, it requires much wider guard bands. This is shown in Fig. 13 , where a comparison of the SIR out versus the guard bandwidth is done for both radar systems (for SIR in = −20 dB).
It can be seen from Fig. 13 that, although the GFDM radar only requires N GB = N /64 to achieve SIR out = 20 dB, the OFDM radar requires at least N GB = N /2 to achieve SIR out = 15 dB. The larger number of guard band subcarriers for OFDM causes not only a decrease in spectral efficiency for data transmission, but also a decrease in radar resolution capacity. Fig. 14 shows the relationship between the number of guards band subcarriers and the radar range resolution penalty, given by:
In order to achieve levels of SIR out equal to 20 dB and 15 dB respectively, the GFDM radar with a guard band of N /32 subcarriers would incur a range resolution penalty of only 1.6% ( R [ 
VII. CONCLUSION
This paper presents the processing of the GFDM waveform for radar with simulations and measurements at 24 GHz. The results demonstrate the viability of GFDM for RadCom systems, which combine radar and communications functions. In this paper, we also demonstrate that the proposed processing of GFDM using the matched filter at the receiver (GFDM-PMF) results in superior radar performance compared to using zero forcing. In fact, the intrinsic interference caused by the non-orthogonality of the GFDM subcarriers is completely mitigated by using the proposed GFDM radar processing technique. It was also verified that in multi-user environments, where interference between users in adjacent channels may occur, the GFDM radar presents less inter-system interference than the OFDM radar. Thus, the GFDM radar requires a narrower guard band and has a better range resolution than the OFDM radar, which makes the GFDM waveform a better candidate for RadCom systems. In this paper, we also show that, with correct processing, non-orthogonality in multicarrier waveforms is not a problem for radar estimation. This opens the door to further investigations with other non-orthogonal waveforms for RadCom systems. Research with multicarrier waveforms that optimize performance on both integrated functions (radar and data communication) will be performed.
APPENDIX
The proposed method was based on the mathematics of the techniques demonstrated in [37] [38] [39] . The parameters f and T for GFDM radar are chosen so that the channel can be considered slow-fading in time and frequency, that is, constant during the duration of a symbol and the bandwidth of a subcarrier. We assume that the prototype filter p(k) has a length much longer than the maximum delay spread of the channel, and is well-localized in time and frequency domains [39] . The channel frequency response at the n-th subcarrier and m-th symbol is denoted by H n,m . The transmitted GFDM signal can be represented as
(32) VOLUME 7, 2019 and the received signal y(k) as [37] 
In the receiver, to demodulate the signal, a matched filtering is performed. Let n 0 be the index of a given subcarrier and m 0 the index of a given symbol, Then since {p n,m [ 
H p n,m , the received data symbol S at the (n 0 , m 0 ) position iŝ
Because of the non-orthogonality of GFDM, intercarrier and intersymbol interference is present at the output of the GFDM demodulator when using matched filtering. The intrinsic interference induced from N subcarriers and M symbols on the n 0 -th subcarrier of the m 0 -th symbol can be expressed as
Then, the received data symbol at the (m 0 , n 0 ) position can be rewritten as [39] 
In 
Thus, when performing the elementary division, we compensate the intrinsic interference in the radar transfer matrix: 
